[1] In a previous study we found that volume variability during an El Niño-Southern Oscillation (ENSO) event is well described by variations in, and redistribution of, the heat content for any given region within the tropical Pacific. In this study we use numerical model temperature and velocity fields in a Lagrangian analysis of heat content variability. These three-dimensional fields are used to examine specific warm and cool anomaly regions by computing trajectories back through time to the origins of the anomalously warm or cool water. In particular, we find that three distinct pathways are important in creating and maintaining the warm eastern equatorial anomaly, including pathways in the basin interior in both hemispheres. After this warm anomaly at peak ENSO, offequatorial anomalies form both in the eastern Pacific and in the far western Pacific. The west Pacific off-equatorial cool anomalies are attributed to ENSO variations in the Ekman pumping in those regions. 
Introduction
[2] Our dynamical understanding of the coupled system we call the El Niño -Southern Oscillation, or ENSO, has been constantly evolving, ever since Bjerknes [1969] first asserted that oceanic El Niño events were linked to the Southern Oscillation of the atmosphere. This system is governed by positive feedbacks wherein the interannual scale atmospheric pressure anomalies characterized by the Southern Oscillation Index (SOI) produce anomalously warm sea surface temperature (SST) conditions in the eastern tropical Pacific, and these SST variations in turn strengthen the atmospheric anomalies.
[3] It soon became apparent that local atmospheric pressure and wind anomalies could not account for the ENSO variations in SST in the eastern equatorial Pacific. Wyrtki [1975] suggested that the wind anomalies far away in the central equatorial region are more relevant. These central equatorial wind anomalies, he argued, force equatorial Kelvin waves that propagate into the eastern tropical Pacific, pushing the thermocline deeper and bringing warmer water into the region. Schopf and Harrison [1983] showed through model simulations that this wave hypothesis could account for the observed variability, so long as certain initial conditions were met. With the understanding of the importance of wave dynamics in the system, the way was paved for an improved description of the timing of the ENSO events. Cane and Zebiak [1985] found that elevated heat content within the tropical Pacific was a necessary precursor to an El Niño event, and proposed that this requirement could explain the observed irregularity of events. The delayed oscillator paradigm put forth by Schopf and Suarez [1988] explicitly connected the temporal spacing of ENSO events to the travel times of Kelvin and Rossby wave propagation across the basin. Schopf and Suarez [1990] then further refined their model to allow for the attenuation of the westward propagating Rossby waves. The original delayed oscillator required wave reflection only at the western boundary of the Pacific, but Picaut et al. [1996 Picaut et al. [ , 1997 stressed that reflections at the eastern boundary are also important to the dynamics, and proposed the advective-reflective oscillator model to include such effects.
[4] For a long time the delayed oscillator was the widely accepted paradigm for ENSO. In this view, and even in the later advective-reflective oscillator, the initiation and maintenance of ENSO events are controlled by actions within the equatorial wave guide, a very narrow latitude range about the equator. There is growing evidence, though, to suggest that actions at higher latitudes are important in driving ENSO. Wyrtki [1985] estimated the warm water volume variability of the tropical Pacific (15°S-15°N) using data from a network of tide gauges, and concluded that this volume increased gradually prior to an El Niño event, only to fall precipitously during the event itself. He described this as ENSO ''flushing'' warm water out of the tropical Pacific. Mitchum [1987] suggested that off-equatorial wind anomalies, consistent with the Gill [1980] atmospheric response to equatorial heating anomalies, could increase the warm water convergence in the equatorial Pacific, so that large-scale winds could be used to form an improved ENSO index. Perigaud et al. [1997] also stress the importance of offequatorial wind anomalies on the progression of ENSO.
[5] Incorporating the role of such off-equatorial influences has led to a shift in the ENSO paradigm. In the equatorial ocean recharge theory of Jin [1997a Jin [ , 1997b , Rossby waves transport heat away from the equatorial zone, leading to negative anomalies in the zonally integrated nearequatorial sea level and thermocline depth. The western Pacific oscillator model of Weisberg and Wang [1997] further emphasizes the role of off-equatorial SST anomalies in the western Pacific. Most recently, Wang [2001] proposed a unified oscillator model, incorporating the delayed oscillator, the advective-reflective oscillator, the equatorial ocean recharge model, and the western Pacific oscillator. Different factors dominate in different ENSO events, depending on the background conditions, which explains the observed variations from one ENSO event to another.
[6] These shifts in our paradigm for ENSO inherently depend on the idea that conditions outside the near-equatorial zone (effectively, the wave guide) are important factors in the evolution of ENSO. A crucial piece of the puzzle is whether or not warm water moves out of the tropical Pacific during ENSO warm events, as was first postulated by Wyrtki [1985] . Those results were called into question when similar calculations were done using either Geosat altimetry [Miller and Cheney, 1990] or combinations of tide gauge data and numerical model fields [Springer et al., 1990] . These studies found that the volume did decrease during warm events within 5°-8°of the equator (larger than the wave guide, but still a relatively narrow band about the equator), but that this was countered to order one by a corresponding rise in volume in the northern equatorial zone, bounded on the north by 20°N (still within the tropical Pacific). In our previous study [Holland and Mitchum, 2003 ], we confirmed these results, finding that volume loss from the tropical Pacific as a whole does occur during ENSO warm events, but that this loss is small when compared to recirculation within the tropics. We described the basic two-dimensional pattern of this redistribution by computing the volume variability in and fluxes between six geographic boxes in the tropical Pacific. Further, we demonstrated that the volume variability throughout the tropical Pacific is controlled by variations in the heat content, which we defined as being proportional to the vertical integral of the temperature anomaly. Our results are consistent with the findings of Meinen and McPhaden [2000] of two primary modes of ENSO variability in warm water volume (defined as water above the 20°C isotherm): an ''east-west tilting'' mode and an ''equatorial discharge-recharge'' mode which redistributes warm water within the tropical Pacific between a near equatorial zone (roughly 5°S -5°N, from Meinen and McPhaden [2000, Figure 3] ) and higher latitudes, particularly to the north. Our current study extends this discussion by exploring the specific three-dimensional Lagrangian pathways of heat transport responsible for the heat content anomalies.
[7] In particular, we will use a Lagrangian analysis to explore whether meridional transport of heat occurs only near the western boundary, or whether there are basin interior windows available for such transport. Our understanding of meridional transport in the ocean is continually advancing, although many of the studies concern decadal rather than interannual processes. Schneider et al. [1999] described the tropical-subtropical connection as a thermocline ''bridge'' controlled by (1) the propagation of isopycnal depth anomalies via wave dynamics and (2) temperature advection along isopycnals. McPhaden and Zhang [2002] propose that the decadal-scale meridional overturning in the Pacific is slowing down, and has been for some time, which could have significant impacts on our understanding of the climate system. Meanwhile, the relative importance and even existence of basin interior pathways is the subject of debate.
[8] Lu and McCreary [1995] found an apparent limit to the region in which subtropical water is able to move into the equatorial circulation; the Intertropical Convergence Zone (ITCZ) is shown to act in their model as a potential vorticity barrier to equatorward flow. The Ekman pumping is a negative quantity north of the ITCZ, but its magnitude reaches a minimum (weak Ekman pumping) just on the northern edge of the ITCZ. The Ekman pumping controls the meridional to zonal transport ratio, so subtropical water approaching the ITCZ from the north is pushed westward. The subtropical water that reaches the equatorial undercurrent in the Lu and McCreary [1995] model first has to travel all the way to the western boundary.
[9] The Lu and McCreary [1995] model, though, had low vertical resolution and parameterized entrainment and detrainment processes, and thus may not well represent the real world dynamics of midlatitude subduction, vertical mixing, and near-equatorial upwelling involved in subtropical to equatorial pathways. Indeed, there is strong evidence to suggest the presence of interior communication windows. In particular, analysis of tritium in the tropical Pacific shows definite meridional convergence to the equator from both hemispheres in the basin interior [McPhaden and Fine, 1988] . This result is clearly seen in the work of McPhaden and Fine [1988, Figure 3b] . Additionally, the results of Liu [1994] and Liu et al. [1994] show a Northern Hemisphere interior pathway to the equatorial zone, although the pathways predicted by their model show a good deal of variability with changes in model parameters. Johnson and McPhaden [1999] also see an interior pathway in the Northern Hemisphere, but this question is still open. Rothstein et al. [1998] found that, while potential vorticity considerations were important in controlling the locations of equatorward transport, nevertheless the ITCZ did not form a complete barrier (in their model), and there was an interior pathway. Nonaka and Xie [2000] found little transport toward the equator in the interior North Pacific, and suggest that the passive tracer method used by previous studies may be misleading on this point. Coles and Rienecker [2001] see a strong seasonality to the Northern Hemisphere interior pathway, with stronger flow during fall and early winter. Huang and Wang [2001] find that there is subtropical-tropical communication in the interior north Pacific, but that it is much more spatially constrained than in the Southern Hemisphere. The current study and others [Zhang and Rothstein, 2000] describe potential pathways of mass and heat horizontally and vertically within the ocean. We will specifically describe the pathways of heat (and therefore volume) redistribution within the tropical Pacific during a typical ENSO event, answering questions such as (1) whether interior pathways to the equator can exist in both hemispheres on interannual (ENSO) timescales, (2) what is the contribution of each pathway, and (3) what dynamics are responsible for the redistribution of heat observed during ENSO events.
[10] Our previous study [Holland and Mitchum, 2003 ] described the volume and heat content variability of the tropical Pacific from the Eulerian point of view. This is useful for describing the basic patterns of volume redistribution, at least in a vertically integrated sense. Now, though, we wish to delve into the three-dimensional characteristics of the temperature anomalies. We will examine the vertical profiles of the anomalies, and ask where these came from and how they were formed. It is natural at this point to switch to a Lagrangian viewpoint. This allows us to consider any parcel of water that is anomalously warm or cold during the ENSO cycle, and to trace it back through time to see where it originated and how it has been warmed or cooled along the way.
[11] The remainder of this paper will be organized as follows. The second section explains the methodology, discussing specifically the numerical model, the Lagrangian trajectory analysis, the composite ENSO event used, tests to our method, and the diagnostic terms used to describe the mechanisms leading to the warm and cold anomaly regions. The third section will present the results of our analysis, specifically for the eastern equatorial warm anomaly at peak ENSO, the off-equatorial warming in the eastern Pacific, and the cool anomalies in the west Pacific warm pool region. Following that will be a general discussion, and finally a summary of the study, with our conclusions.
Methods

Model
[12] In order to describe the three-dimensional pathways of heat transport, we need fairly complete and finely resolved fields of velocity and temperature, as functions of time as well as zonal, meridional, and vertical position. Such a data set does not exist observationally, so we turn to numerical simulations. The model we use is based on the Gent and Cane [1989] sigma-coordinate model, a reduced gravity, primitive equation model in which velocity, temperature, and salinity are computed within 20 vertical layers. The thickness of the mixed layer is explicitly computed, while the thicknesses of the lower layers are held to be proportional to one another according to the preset values of the sigma coordinates for each layer. This model has been modified extensively over the years. We are using a version that has been coupled to an atmospheric mixed layer model [Murtugudde et al., 1996; Seager and Murtugudde, 1997] . The effects of salinity and freshwater flux at the sea surface have been added [Murtugudde and Busalacchi, 1998 ]. Finally, vertical mixing is now dealt with in a hybrid mixing scheme [Chen et al., 1994] , that incorporates the effects of wind stirring, shear instability, and convective overturning. We are running the model over the Pacific from 45°S to 45°N. The eastern and western boundaries are realistic coastlines. The northern and southern boundaries include 10°wide sponge layers. The model grid we use has 1°resolution zonally and a variable meridional resolution (maximum at the boundaries and down to one third of a degree near the equator). Surface winds are monthly fields from the National Centers for Environmental Prediction (NCEP), and the solar heating is from the European Centre for Medium Range Weather Forecasts (ECMWF) climatology. The reliability of the model results can be assessed by comparing the volume computed by areally integrating sea level over geographic regions from the model output to volume time series computed in the same fashion from TOPEX/Poseidon altimetry. This was done for a variety of latitude ranges within the tropical Pacific, and the resulting time series were well correlated on interannual timescales [Holland and Mitchum, 2003 ].
Lagrangian Trajectory Analysis
[13] Lagrangian techniques have been used by Izumo et al. [2002] and Fukimori et al. [2004] to study ENSO variability. Izumo et al. [2002] computed trajectories of particles in a three-dimensional simulated flow field, much as we do here. In this manner, they describe the 1998 La Niña event, finding that the cool anomaly was the result of transport only via the western boundary, with no contribution from interior pathways in either hemisphere. Fukumori et al. [2004] used a very large set of forward and adjoint passive tracers to describe the origin of the Niño-3 water. They found interior pathways in both hemispheres. Our method for computing Lagrangian trajectories is described below.
[14] Ideally, given a start positionx 0 at time t 0 , the new position at time t 1 would be computed fromũ 0 , the model velocity fields ofũ at the start location and time:
where the integrals are taken along the path. If the time step is small, this can be written as
in finite difference form. These velocity fields can be linearly interpolated to the start time and position of interest, here t 0 andx 0 . However, a problem arises with the vertical portion of (1) and (2). In the Gent and Cane [1989] model the vertical velocity, w, is diagnostic rather than prognostic. At each time step in the model, the horizontal divergence and the sigma coefficients are used to update the layer thicknesses, and the vertical velocities are then determined from the continuity equation within each layer. Thus computing w at each layer interface involves taking horizontal derivatives of the transports within the layer. This is problematic due to the Shapiro filter imposed by the model for stability. When the model's diagnostic w fields were used, trajectories that entered the near-equatorial or western boundary regions where the flows are strong were found to behave unrealistically, due to unrealistically large vertical velocity components.
[15] There is a solution, however. The model also enforces a temperature balance
where for simplicity we are using
and T, r 0 , c p , and Q are the temperature, the density, the specific heat of water, and the vertical heat flux, respectively.
[16] The temperature of any given water parcel remains constant, unless it is heated or cooled by the vertical heat flux. We can imagine a parcel, at time t 0 and positionx 0 , which has a temperature T 0 . After a time step, at time t 1 , it has moved to a new horizontal position (x 1 , y 1 ). If it has not been heated or cooled, then its temperature remains at T 0 , and its new vertical position, z 1 , can be inferred from the model's vertical profile of temperature at the new time and horizontal position:
in which z 1 is the only unknown. If the parcel has been heated or cooled between times t 0 and t 1 , then its new temperature is
and this can be written as
if the time step is sufficiently short. The vertical position z 1 can be inferred from the relation
which is analogous to (5). This method is illustrated graphically in Figure 1 . Using this method, the trajectories are computed backward in time with a fourth-order RungeKutta iteration scheme.
[17] Simply computing the trajectories, via the method described above, is not enough without a way to interpret their meaning. We need a method to examine where any specific anomalous water parcel originates, the path it travels, and when and how it is heated or cooled along the way. We are interested in how the water parcel characteristics and pathway differ during ENSO conditions as compared to normal, or NULL, conditions. Trajectories will therefore computed under both NULL and ENSO conditions. In the following section, we will discuss how the NULL and ENSO composites were formed, and then the method for diagnosing the dynamics behind the trajectories will be explained.
Composite El Niñ o -Southern Oscillation (ENSO) Event
[18] There is a great deal of variability between any two ENSO events. This is due in part to differences in the underlying dynamics, as explained in the unified oscillator model of Wang [2001] . As such, it may be that the pathways of heat transport responsible for volume redistribution also vary from one event to another. The current paper asks what are the pathways for a typical ENSO event, postponing for the moment the question of inter-event differences, but this should definitely be considered in future work on this problem. We define a ''typical'' event by computing a composite from four particular ENSO events: 1972 ENSO events: -1973 ENSO events: , 1982 ENSO events: -1983 ENSO events: , 1986 ENSO events: -1987 ENSO events: , and 1997 ENSO events: -1998 , which had particularly strong SOI signatures.
[19] The method used to compute the composite is the same as described by Holland and Mitchum [2003] , but is discussed briefly here. For each of the four ENSO periods, time series of velocity, u(x, y, z, t) and v(x, y, z, t), temperature T(x, y, z, t), and vertical heat flux at the sea surface Q(x, y, t) were extracted for a 72 month period, centered on the time of minimum SOI. These time series were averaged over the four events for each variable and each spatial point. The result is a set of composite fields, 72 months in length. The minimum SOI tends to align closely with the peak warming in the eastern equatorial Pacific, so this warming occurs near the center of the composite time period, at month 37. No artificial weighting is used in the averaging, so the largest contribution to the composite is from the strongest ENSO event, in 1997 ENSO event, in -1998 . In fact, we have computed trajectories for the primary anomaly features of the 1997 -1998 event, and they are quite similar in many ways to those we will describe here from the composite. This method can certainly be used in the future to examine the important pathways and dynamics of any specific event and to explore the differences between ENSO events. We also computed a set of non-ENSO (NULL) composites in a similar manner, using four periods of relatively normal SOI, to allow us to see how ENSO trajectories differ from trajectories under normal conditions.
Tests of the Trajectory Method
[20] As noted by Fukimori et al. [2004] , the Lagrangian method has some inherent difficulties. In particular, small perturbations in the positions at the beginning of the trajectory computation may lead to very different trajectories. Such trajectory dispersion would make this type of analysis unstable. As will be discussed, we did group similar trajectories together to describe basic pathways of redistribution. In addition, we did an explicit check of the dispersion of the trajectories, by starting with a Gaussian cluster of initial points, and tracking them back in time. The Gaussian clump began with a mean position of x = 119°W, y = 0°, z = À50 m (within the eastern equatorial warm anomaly), and standard deviations of 0.25°, 0.0875°, and 
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HOLLAND AND MITCHUM: INTERANNUAL VOLUME VARIABILITY 2 m in the zonal, meridional, and vertical directions, respectively. Trajectories were then computed backward in time, using the method described in this paper, for 16 months. There was some limited dispersion (separation) of the trajectories as the computation progressed, but they remained visibly cohesive for the entire run. The standard deviations of the ''initial'' positions, 16 months back from the start time, were 4.6°, 0.43°, and 3.6 m in the zonal, meridional, and vertical directions. The trajectories were all similar, following the same pathway in all three dimensions. This result gives us confidence that our method is providing reliable trajectories that are not sensitive to small differences in location.
[21] Another issue is the temporal resolution. Forming a composite ENSO event requires a multidecadal model run. The time step of the model is one hour, but keeping output from every time step quickly becomes impractical for such a long model run. We have set the model to output snapshots of layer thickness, temperature, and salinity once every model month. At the same time, average values of the horizontal fluxes are computed and output every month. The averages of the fluxes are carefully computed such that the model continuity, momentum, temperature, and salt balances are exactly met, except for the effect of horizontal model smoothing. This combination of temporal snapshots of state variables and averages of fluxes is essential to conserving mass, momentum, energy, and salt. In addition, this provides everything needed to compute the trajectories.
[22] The question also arises whether the temporal resolution of the model fields used has any significant impact on the computed trajectories. Using monthly fields to compute trajectories with daily resolution requires linear interpolation of the model T, u, v, and Q fields. We tested the effect of this by completing a relatively short (1 year) model run with daily output, and then computing two sets of year-long trajectories, using daily and monthly model fields. The trajectories in each case have a temporal resolution of one day. The two trajectory sets are quite similar, although not identical. The same source regions, depths, and pathways are important in both cases. This indicates that linear interpolation from the monthly average fluxes does a good job of capturing the net translation of a water parcel over a month's time. We conclude that the temporal resolution of the model output and the linear interpolation of those model fields are not critical factors in this method. All of the results discussed from here on will be based on the monthly output fields.
Diagnostic Terms
[23] Once the composite fields are generated and the trajectories are computed, we can diagnose the dynamics that vary between the NULL case and the ENSO case by defining a set of diagnostic terms. For that purpose, it is necessary to examine the equation for the heat content evolution of a parcel at locationx 0 at time t 0 , spanning a depth range Dz centered on z 0 . This is approximately proportional to
where the E and N subscripts denote ENSO and NULL conditions, respectively. This anomaly can be expressed in terms of the temperature at some earlier time t init along the ENSO and NULL trajectories,x E andx N , respectively, the spatial displacement between the two trajectories, and the heating or cooling in each case. The anomaly at locationx 0 and time t 0 is
Note that in (10) the subscripts N and E again mean the NULL and ENSO cases. Specifically, T N , T E , q N , and q E refer to the temperature and vertical heat fluxes during NULL and ENSO time periods, whilex N ,x E , and anything in square brackets like [ ] N or [ ] E refer to properties along the NULL or ENSO pathways or at the NULL or ENSO points of origin. This convention will be used throughout the rest of this paper.
[24] The first term in (10) combines the effect of the temporal differences between the T N and T E fields and the effect of the different points of origin,x N andx E . These can be separated by considering the normal temperature at the ENSO start position, T N (x E , t init ). The second term in (10) can also be separated into two parts by considering the integrated effect the normal or NULL heating (q N ) would have along the ENSO pathway. This leads to the expression
The first term on the right-hand side of (11) is the temporal effect of T E À T N at the ENSO point of originx E , and is simply used as a stopping criterion. To diagnose the ENSO anomaly, we must integrate back to an origin point at a time when the anomaly is as close as possible to zero. The minimum in this term is used to determine how far back in time to compute the trajectories. The second, third, and fourth terms incorporate the effect the different origins,x N andx E , would have if there were no temporal ENSO anomaly. This is the effect of the ENSO pathway, divided into zonal, meridional, and vertical components by computing the NULL temperature at the vertices of the virtual cube formed by all combinations of x N , x E , y N , y E , z N , and z E . The temperature differences along the edges of the cube provide four estimates each for the x, y, and z components, and these are then averaged to form the hdT N / dxi, hdT N /dyi, and hdT N /dzi that appear in (11). The zonal and meridional components show any difference due to the horizontal position of the pathway taken during ENSO, while the vertical component highlights the effect of anomalous upwelling or downwelling. The fifth term on the right-hand side of (11) is the temporal difference in the vertical heating between ENSO and NULL conditions, and the sixth term is the difference in the heating felt by each water parcel, due to the difference in location of the NULL and ENSO pathways. The equation for the integrated heat content, equation (10), then becomes
where all of the terms DQ n used in our diagnosis are detailed for reference in Table 1 .
[25] We computed trajectories for a number of horizontal locations within anomaly regions of ENSO, at 10 m depth intervals in the upper 1000 m. This gives thousands of trajectories, each of which has a corresponding set of values of DQ n . Since it becomes much easier to examine the patterns involved if similar trajectories are grouped together, we grouped trajectories that had similar initial horizontal position, comparable ENSO and NULL pathways (they stay together horizontally and vertically), and comparable values of DQ n for n between 1 and 6. Two examples of this grouping technique are shown in Figure 2 .
Results
[26] Exploring the ENSO pathways of redistribution and exchange processes requires first examining the heat content as a function of time, and considering how this differs during the warm phase of ENSO (El Niño) from normal conditions. The heat content anomaly, DQ, defined as the heat content difference for a water parcel between the ENSO composite and the NULL composite conditions, is caused by six dynamical factors, described in the methods section of this paper (see Table 1 ). This heat content anomaly can be vertically integrated, from the bottom of the deepest active model layer (the upper bound of the motionless lower layer) to the sea surface, to obtain a function of longitude, latitude, and time. When examining maps of this quantity at different times through the ENSO cycle, interesting features are readily apparent. The general criteria used to select a feature for study were that the feature is interesting if it is (1) strong (generally greater than 300 Kelvin meters (K m)), (2) large (several degrees wide in at least one dimension), and (3) persistent (present from one month to another either in the same location or moving with reasonable propagation characteristics). The anomalous features to be discussed in this paper are shown in Figure 3 . First, there is the strong warming in the eastern equatorial Pacific (within 3°of the equator, between $135°W and the eastern boundary) at the warm peak of ENSO. Two months after that anomaly has reached peak strength in the eastern equatorial Pacific, eastern Pacific off-equatorial warm anomalies begin to form at $12°N and 12°S. Another month later, strong cool anomalies form $5°-6°north and south of the equator in the western Pacific. For each feature, trajectories were computed every 10 m in the vertical and at several points in the horizontal surrounding the maximum, and differences between the NULL and ENSO trajectories were explored to explain the anomaly.
Eastern Equatorial Warm Anomaly at Peak ENSO
[27] The first feature to be discussed is the warm anomaly in the eastern equatorial Pacific that occurs at peak ENSO warming (month 37 of our 6 year composite). This is the first really strong feature of an ENSO warm event, with a maximum amplitude of nearly 600 K m. It is symptomatic of the large zonal shift during the warm phase of ENSO of volume and sea surface pressure. The anomaly is mapped in Figure 4 , and it is quite similar to the same feature in a composite event shown by Cane [1983, Figure 3] . The average depth profile of the temperature anomaly is shown in Figure 4 . The major portion of the heat content anomaly is due to elevated temperatures in the upper 150 m. At any point in time, the total anomaly of all the water parcels that will be at locationx 0 at time t 0 (the start of our trajectory computation) is the sum of our first diagnostic term, DQ 1 (see Table 1 ) over that set of water parcels:
As shown in Figure 4 , Q 1 is minimum for the east equatorial warm anomaly 11.5 months before the anomaly time, when the horizontally averaged Q 1 was 52.3 K m. This first diagnostic term is used as a stopping criterion. We choose our t init for this feature to be 11.5 months before the anomaly time, since at that time the total heat anomaly is close to zero.
[28] Examples of trajectories into this eastern equatorial anomaly region are shown in Figure 5 . The NULL trajectories into the anomaly follow two main pathways into the maximum point of the anomaly, (119°W, 0°): a curved internal surface pathway in the upper 60-70 m from north of the equator, and a deeper pathway (70 -160 m) from the western boundary. Between 0 and 60 m, the origin points of the ENSO trajectories are shallower than in the NULL case, bringing warmer water into the eastern equatorial Pacific. This range accounts for 28.7% of the total anomaly at the maximum point, and the dominant term is the vertical gradient of T N due to this depth difference. At the other horizontal points within this anomaly, the trajectories are similar, with these two pathways seen at most locations and with the western boundary pathway generally deeper than the interior pathway. West of the maximum point, the trajectories come from the western Pacific along the equator at all depths. To the south and east of the maximum point, however, some ENSO trajectories follow an interior pathway from south of the equator, which is seldom seen in the NULL trajectories ( Figure 5 ). This southern interior pathway is seen at the 115°W, 110°W, 105°W, 0.8°S, and 2°S locations in the ENSO trajectories, and is seen only at 0.8°S for a few NULL trajectories.
[29] There are therefore three pathways that are important in this eastern equatorial Pacific warm anomaly, the western boundary pathway (WBP), the northern interior pathway (NIP), and the southern interior pathway (SIP). Examples can be seen in Figure 5 , and these are shown in schematic form in Figure 6 . The two interior pathways are much more active during ENSO than during normal (NULL) times, and are shifted westward and shallower. The NIP includes 81 trajectories during ENSO, versus 66 for the NULL case, and contributes 25.2% of the total anomaly. The contribution of just those trajectories that follow the NIP during ENSO but not during NULL accounts for 6.1% of the total anomaly. The remainder of the NIP contribution to the ENSO anomaly is due to the NIP shifting westward and originating from shallower depths under ENSO conditions. The SIP strengthens significantly during ENSO, from 13 trajectories to 25. The contribution of the SIP to the total anomaly is 13.1%, and 11.5% of the total anomaly is due just to those trajectories that follow the SIP during ENSO but not during NULL. The rest of the SIP contribution to the ENSO anomaly is again from the zonal and vertical shift in the pathway origin. The two interior pathways are generally shallower than the WBP, so that parcels which follow the WBP during NULL conditions, but follow the NIP or SIP during ENSO, are anomalously shallow in origin, and therefore anomalously warm, during ENSO events. The remainder of the anomaly is due to trajectories following the WBP, which is also anomalously shallow during ENSO.
[30] The horizontal character of these three pathways is consistent with the flow pattern along isopycnal surfaces between $50 and 100 m of depth in the NCEP reanalysis data [see Zhang and Rothstein, 2000, Figure 3 ]. The NIP consists of parcels originating between $5°N and 8°N and between 160°W and 120°W, and heading southeastward in the North Equatorial Countercurrent (NECC). These parcels then switch to the South Equatorial Current (SEC) to travel southwestward from $5°N to $2°N, and finally turn eastward along the equator in the Equatorial Undercurrent (EUC). The SIP consists of parcels traveling northwest from between 5°S and 10°S (at $145°-135°W for ENSO, or $125°W for the NULL case) in the SEC, and then turning eastward along the equator in the EUC. Like the northern pathway, this pathway is shallower and further west under ENSO conditions than under NULL conditions, so that the water that reaches the anomaly region is warmer than it would otherwise be. The ENSO increase in activity for this pathway is much more striking than the increase in the northern pathway. The WBP simply consists of parcels traveling all the way from the western boundary region in the EUC, upwelling along the path. This pathway is active in both ENSO and NULL conditions. The depth ranges it affects, however, are changed during ENSO as the two interior pathways take over more of the picture. Finally, there are also some effects of the surface heat flux, mainly due to the pathway differences. These contribute only on the northern and southern edges of the anomaly where the magnitude of the anomaly is reduced by 40-50%. Thus the surface heating appears to be relatively unimportant.
Off-Equatorial Warming in the Eastern Pacific
[31] Once the warm anomaly has reached its peak strength in the eastern equatorial Pacific (by month 37), the warming begins to spread north and south along the coast of the Americas. By month 39, two off-equatorial anomalies have formed off the coast, distinct from the equatorial warming, at 10°-15°north and south, as shown in Figure 7 . The northern anomaly is stronger than the southern one, and further west. We have chosen to examine trajectories into a set of points surrounding the maximum of each of these anomalies. The average vertical profile of (T E À T N ) of each is also shown in Figure 7 . These anomalies have two distinct depth of interest. The first is a Most of the anomaly occurs, however, in a weaker but broader peak between $200 m and 750 m, which will be discussed in more detail later in this section. At most points in the anomaly, these ranges are separated by a layer $100 m thick that is not anomalously warm or cold. West of the maximum, this is actually a layer of anomalously cold water, while east of the maximum this layer is less noticeable. The southern anomaly is weaker, and the water column is more uniformly anomalously warm in the upper 1000 m. The value of the first diagnostic term, Q 1 , is minimum at 11 months and 5 days back from the anomaly time, which is, for reference, 9 months and 5 days back from the peak ENSO warm anomaly discussed in the preceding section. This was chosen as the initial time for the trajectories into these off-equatorial anomalies.
[32] We will begin this section by discussing the northern anomaly in some detail, as the southern anomaly is similar in many respects. There is a strong maximum near the surface at all of the horizontal points examined in the northern off-equatorial anomaly. At the maximum point of the anomaly, 102°W and 11.4°N (see Figure 8) , the NULL trajectories in the upper 60 m come in to the location of the anomaly from due east about 10°away, while the ENSO trajectories over the same depth range come in from the southwest at about the same distance. The ENSO trajectories travel much farther, first eastward along 7°-8°N and then turning northwestward just west of 90°W. The zonal differences in the origin points of the NULL and ENSO trajectories contributes strongly and positively toward the anomaly, but the ENSO trajectories are also deeper than the NULL, which tends to counter the warming. Finally, the surface heating, particularly the pathway effect, contributes to the warming. This depth range is 25.7% of the local anomaly, or 122.5 K m.
[33] As noted in the beginning of this section, the majority of the warming was in the deep water for all horizontal locations, generally between $200 m and 750 m, with the largest anomaly between 200 m and 600 m. Flows are weak at such depths, so neither the ENSO nor the NULL trajectories reflect very much motion in the horizontal. The ENSO trajectories, however, tend to originate at shallower points than the NULL, and the vertical gradient of T N is thus the dominant factor in this warming. In fact, the NULL trajectories in this depth range move very little in the vertical, while the ENSO trajectories over this range tend to move deeper over this time period, with an average depth change of between 15 and 30 m. The range 200-600 m is responsible for 45.0% of the anomaly at the maximum point, or 214.5 K m. The other horizontal points are similarly dominated by this depth range. The southern anomaly is quite similar to the northern one. As with the northern anomaly, most of the warming comes in at depth, between 200 m and 600 m. Over half (51.2%) of the anomaly at 12.9°S, or 196.1 K m, is due to the vertical temperature gradient term in the 200-600 m depth range, and the other horizontal points are comparable.
[34] These results, that most of the temperature anomalies occur deep in the water column, below 200 m, for both the northern and southern anomaly regions, and that the vertical temperature gradient term dominates, are indicative of an ENSO downwelling. The horizontal motions at such depths are small. The NULL trajectories in both anomalies upwell slightly, while the 200-600 m ENSO trajectories move deeper in the water column (downwelling). This is shown in Figure 9 , in which the separate horizontal points have been averaged, using the anomaly strength as a weighting factor. The normal weak upwelling in the region, of $2 Â 10 À7 m/s, is replaced by a relatively strong, $7 Â 10 À7 m/s, downwelling during ENSO. We examined this anomalous downwelling using the monthly winds from the National Centers for Environmental Prediction (NCEP), and it cannot be accounted for by variations in the local wind stress curl (Ekman pumping). Rather, it is likely due to wave dynamics.
Cool Anomalies in the West Pacific Warm Pool Region
[35] Shortly after the peak of ENSO warming, the western equatorial Pacific is abnormally cool. This occurs in two cool anomalies at $5°-7°N and 4°-6°S, shown in Figure 10 , at month 40 (3 months after the peak of ENSO). On the basis of our first diagnostic term (13), we have chosen to examine the trajectories entering this anomaly back to just less than five months earlier (two months before the time of the peak warming in the eastern equatorial Pacific).
[36] The depth profiles of the temperature anomalies averaged over the horizontal points within each region at month 40 are also shown in Figure 10 . The northern and southern profiles are fairly similar to one another. In each one, most of the cool anomaly is between $50 m and 300 m of depth. At the point of the maximum anomaly and north and west of this point, the ENSO temperatures in the upper water column (approximately the upper 50 m) are close to the normal temperatures. To the south and east of the anomaly maximum, there is actually a positive (warm) anomaly in the upper water column, partially balancing the stronger negative (cool) anomaly beneath.
[37] At the maximum amplitude point of the northwestern anomaly (180°, 7.3°N, see Figure 10 ), the ENSO and NULL trajectories are very similar below 60 m, all coming from nearly due west of the anomaly. Flow is fastest for the 60-170 m depth range trajectories; the trajectories below 170 m travel very little in the horizontal at all. The ENSO trajectories consistently come from deeper source water than the NULL, however. The vertical temperature gradient term dominates, accounting for most of the anomaly. The anomaly is strongest between 50 and 300 m for every horizontal position within this (northern) west Pacific cool anomaly, and the vertical temperature gradient term dominates everywhere. The ENSO variations of the horizontal trajectory behavior occur mainly in the near-surface waters, where the anomaly is weak. The southern cool anomaly in the west Pacific is very similar to the northern anomaly described above.
[38] The dominant cause of the cooling in the western Pacific, after the peak of the ENSO warm event, is the degree of upwelling at depths between 50 and 300 m. In this depth range at every location, the dominant term is the effect (DQ 4 ) of the vertical gradient of the NULL temperature combined with the difference in source depth for the NULL and ENSO trajectories. There is some variation in the degree of upwelling from place to place, of course. For instance, at (171°E, 6.2°N), the ENSO trajectories below 120 m originate 20-25 m deeper than the corresponding NULL trajectories. At (162°E, 1.3°S), the ENSO trajectories between 50 and 80 m are only a few meters deeper in origin than the NULL, but these few meters are within the thermocline, so the vertical gradient of the temperature again dominates this depth range.
[39] The trajectories computed under ENSO conditions generally originate deeper in the water column than the trajectories computed under NULL (normal) conditions, so that the regions of the anomalies are cooled during ENSO. There are other effects, namely the zonal and meridional gradients of the normal (NULL) temperature, DQ 2 and DQ 3 , and the surface heating, particularly in the pathway term DQ 6 , but these tend to be important only at the fringes of the anomalies, either horizontally far from the maximum points or in depth ranges (the near surface in particular) that contribute little to the anomaly signal. Figure 11 shows the effect of ENSO upwelling. The profiles have been averaged over all horizontal points in both cool anomalies, using anomaly strength as a weighting factor. The temperature profiles on the left of the figure demonstrate that the anomalies are strongest around the thermocline. From the upwelling/downwelling profiles on the right side of the figure we can see that, while under NULL conditions there is very little vertical motion, there is strong upwelling (15 -20 m over approximately 5 months, or 10-13 cm/day) during ENSO throughout the depth range of the maximum anomaly.
[40] The anomalous upwelling in these regions during ENSO can be accounted for in turn by anomalies in the curl of the local wind stress. The Ekman pumping, or upwelling/ downwelling caused by the wind stress curl, is given by
where w is the vertical velocity, r is the density,k is a vertical unit vector,t is the wind stress, and f is the Coriolis parameter. Using Stokes theorem, the average of this Ekman pumping over a geographic region can be written as
where the integral is taken around a closed boundary. This was computed for two boxes within the western Pacific cool anomalies, 170°E-170°W, 5°-7°N and 160°-180°E, 6°-4°S. The results are shown in Figure 11 . There is little Ekman upwelling or downwelling in the NULL case, while the ENSO winds produce strong upwelling for several months prior to the peak of the cool anomalies, sufficient to explain the upwelling and cooling in those regions.
Discussion
[41] All of the preceding discussion about pathways in this paper has concerned a composite ENSO warm event, composed of four separate events. We recognize that there can be a great deal of variation between one warm event and another, but for the present study we have chosen to examine the dynamics of a typical ENSO warm event via this compositing method. The strongest of the four included events was the 1997 event, which is in fact the largest amplitude ENSO warm event on record. It is therefore logical to expect that the composite should resemble this event, since no artificial weighting was introduced in the averaging of the events. Indeed, the vertically integrated heat content at the peak warming of the composite (month 37) is quite comparable to the heat content in September 1997, where the long-term mean and the mean seasonal cycle have been removed. The vertical profiles of the temperature anomaly are also quite similar, although the 1997 event is much stronger than the composite and appears to have a larger portion of the heat content anomaly below the surface waters (near the secondary peak at $200-250 m). When trajectories were computed, the three major pathways (NIP, SIP, and WBP) contributed similarly in the composite and the 1997 event, in terms of both number of trajectories and anomaly contribution in K m. The biggest difference is in the trajectories following the western boundary pathway for both NULL and ENSO, where the number of trajectories drops slightly from the composite to the 1997 event, but the anomaly contribution (in K m) nearly doubles. Finally, the diagnostic terms are also similar between the composite ENSO warm event and the 1997 event. The vertical temperature gradient term dominates in the upper 350 m, with secondary contributions (in both the composite and 1997) in the upper 200 m from the zonal temperature gradient and the pathway effect of the surface heat flux. Below 350 m, the initial anomaly term dominates, indicating that the causes of the anomaly are not well resolved, but the anomaly is quite small at such depths. Examining the pathways and processes of other individual ENSO events is beyond the scope of this paper, but we do expect that there may be important differences, and this is an area where future work is needed.
[42] In addition, the fact that changes in vertical position can be such an important part of the development and progression of ENSO events (particularly the west Pacific off-equatorial upwelling) suggests that the manner in which a numerical model simulates the vertical mixing, and in particular how the mixed layer is treated, could have important consequences for the interpretation of ENSO dynamics. Several runs of the Gent and Cane [1989] model were completed as part of this study, with a variety of mixed layer dynamics. The standard run, which has been the subject of all discussion in this paper up to this point, uses the Chen et al. [1994] vertical mixing scheme, which incorporates shear instability, convection, and wind-induced mixing. The degree to which the wind contributes to the mixing is set by a tunable parameter, c m . In the standard run, this is set to 1.25. For the purpose of comparisons, runs were completed using the same mixing scheme with this parameter set to half (0.6) and double (2.5) its value in the standard run. In addition, a fourth run was done with relatively simplistic mixed layer dynamics, in which the depth of the mixed layer was fixed at 50 m at all locations and all times. There is higher variability in the three mixed layer comparison runs at the peak month of ENSO than in the standard run, but there is good overall agreement. The low wind mixing, high wind mixing, and constant mixed layer depth runs are correlated to the standard run (at month 37 over the tropical Pacific, 20°S-20°N) at 0.95, 0.95, and 0.93, respectively, and the ratio of the standard deviation to that of the standard run ranges between 1.05 and 1.12. The eastern equatorial warm anomaly is present, and is the dominant feature at this time, in all four cases. The temporal evolution of the temperature anomaly for each water parcel is also similar, and the vertical structure is fairly robust in all of the mixed layer comparison runs, with the anomaly largely concentrated in the upper 150 m, but with a second smaller maximum between 150 and 450 m. The relative importance of the pathways is remarkably uniform between the different model runs. In addition, the contributions of the various diagnostic terms to the anomaly are consistent from one model run to another.
[43] All four of the model runs with varying mixing formulations also reproduce the off-equatorial cool anomalies in the western Pacific a few months later. For the tropical Pacific as a whole (20°S-20°N) at month 40, the vertically integrated fields of heat content for the c m = 0.6, c m = 2.5, and constant mixed layer depth model runs are all correlated to comparable field for the standard model run at 0.94, and the ratios of their standard deviations to that of the standard runs are 0.97, 0.90, and 1.01 respectively. The temporal evolution of both cool anomalies is similar in the four model runs. As was the case for the standard run, in the mixed layer comparison runs these cool anomalies arise almost solely due to the vertical temperature gradient term, because of strong anomalous upwelling in this region during ENSO, as was found by Wang and Weisberg [1999] . The terms leading to the anomaly in each of these 100 m depth bins are highly correlated between the mixed layer comparison runs and the standard run. The correlation is 0.98 or better between all mixed layer comparison runs and the standard run for the two depth bins, 100-200 m and 200-300 m, that together account for 70% or more of the total anomaly, and falls off some above and below the main depth range of the anomaly. We therefore feel confident that the results presented in this paper are robust to changes in the numerical treatment of vertical mixing and the mixed layer.
Summary and Conclusions
[44] Virtual Lagrangian tracers were inserted into the output fields of the numerical model to diagnose the three-dimensional pathways responsible for the development of a series of anomalies throughout the composite ENSO warm event. These trajectories were run backward in time from the anomaly regions and the temperatures and vertical positions were computed at each time step according to the model velocities and vertical heating fields encountered. Trajectories were run using both NULL and ENSO composite fields for comparison purposes. Each trajectory was evaluated in terms of the contribution it made to the vertically integrated anomaly and its dynamics. The dynamics were diagnosed as being related to the gradients in the temperature field and the zonal, meridional, and vertical differences in ENSO and NULL trajectory origin points, the difference between the ENSO and NULL surface heating fields, or the effect of the trajectory location on the surface heating felt by the water parcel.
[45] A few months before the peak of the ENSO warm event, warm water builds up in the western equatorial and off-equatorial Pacific via the SEC, the EUC, and local downwelling, forming a warm anomaly in the central west Pacific at month 34 (where the ENSO peak is month 37). Between months 34 and 37, this anomaly propagates rapidly eastward along the equator, consolidates, and is strengthened by three main pathways. The first is the western boundary pathway (WBP), which is essentially the EUC once the parcels have traveled along the western boundary and reached the equatorial zone. This pathway is shallower during the ENSO warm event, which brings anomalously warm water into the anomaly region as it moves eastward. In addition, there are two interior pathways to the anomaly, the northern (NIP) and southern (SIP) interior pathways. Both of these can be seen in the NCEP reanalysis data [see Zhang and Rothstein, 2000, Figure 3 ]. Both of these interior pathways exist under NULL conditions as well, but are strengthened and shifted westward and closer to the surface during the ENSO warm event. These factors cause anomalously warm water to be brought into the eastern equatorial warm anomaly region and are important in the creation and strengthening of this anomaly. The eastern equatorial warm anomaly at peak ENSO warming and the dynamics that form it are robust to changes in the mixed layer dynamics of the model.
[46] Two months after the peak in the eastern equatorial zone, warm anomalies are seen off the equator, at 10°N and 10°S. Most of the anomalous temperatures are deep in the water column, between $200 and 600 m. The dominant factor in causing these anomalies is anomalous local downwelling, consistent with the reflection of downwelling Rossby waves off of the coasts of North and South America.
[47] Vertical displacements are also of primary importance in the western equatorial Pacific, where two cool anomalies form 3 months after the peak of ENSO at $5°n orth and south of the equator. The ENSO and NULL trajectories into the anomaly regions are horizontally very similar. In fact, most of the anomaly occurs deeper in the water column (between 50 and 300 m), where the horizontal transports are relatively small. This depth range is situated about the thermocline and the vertical temperature gradient term dominates all of the other diagnostic terms at every horizontal point examined. The cooling is due to strong upwelling in these regions during ENSO events. This anomalous upwelling during ENSO can be attributed to local Ekman pumping anomalies.
